This article concerns the growth-temperature dependence of the microstructure of ErAs islands embedded in GaAs. The material was grown by molecular-beam epitaxy. The nucleation of ErAs on GaAs occurs in an island growth mode leading to spontaneous formation of nanometer-sized islands. Multiple layers of ErAs islands separated by GaAs can be stacked on top of each other to form a superlattice along the growth direction. A series of four such samples were grown at growth temperatures of 480°C, 535°C, 580°C, and 630°C. For all samples, 1.8 monolayers of ErAs were deposited in each layer of the superlattices. The microstructure of these samples was investigated by x-ray diffraction and transmission electron microscopy. We find that single crystallinity was maintained across the layers of ErAs islands at the growth temperatures of 535°C, 580°C, and 630°C. At the growth temperature of 480°C, however, the sample was not single crystalline. The GaAs matrix of the sample was defective. With increasing growth temperature, the size of the ErAs islands increased and the areal density of the ErAs islands decreased. The size increase is due to an increasing lateral ͑in-plane͒ dimension; the height of the islands is essentially unchanged.
I. INTRODUCTION
A composite material consisting of nanometer-sized ErAs islands embedded in a GaAs matrix can be grown by molecular-beam epitaxy ͑MBE͒. During MBE growth, the ErAs islands form spontaneously when a few monolayers of ErAs are deposited on a GaAs surface. These islands can be overgrown with GaAs of high quality. 1 This fact allows us to stack multiple layers of ErAs island on top of each other as shown in the schematic cross section in Fig. 1 . In this article, we investigate the growth-temperature dependence of the microstructure. We have already published a related study on how the microstructure depends on the amount of ErAs that has been deposited in each layer. 2 There are several motivations for us to investigate the microstructure of such samples: First, they provide a model system for studying the epitaxy of composite systems that are structured on a nanometer scale. This material system is particularly interesting because the two materials involved are very different. ErAs has the rocksalt crystal structure and is semimetallic; GaAs has the zincblende crystal structure and is semiconducting. The island formation is driven by the surface chemistry rather than strain as in the case of the Stranski-Krastonov growth mode.
Second, these samples have interesting electronic, optical and magnetic properties: The Er atoms carry large magnetic moments, which result in antiferromagnetism in ErAs bulk material at temperatures below 4 K. These large magnetic moments cause strong effects in the magnetoresistance. 3, 4 In addition, these samples are ultrafast photoconductors at room temperature. A particularly interesting aspect is that the carrier lifetimes depend strongly on the microstructure. 1 These ultrafast properties allow us to use these materials for the generation of submillimeter waves. 5 ErAs islands in GaAs also show strong absorption features below the GaAs bandgap, which are due to plasmonic excitations in the ErAs islands. 6 More recently Driscoll et al. 7, 8 showed that ErAs island can also be grown in other matrix materials such as InGaAs.
In this article, we investigate, with x-ray diffraction and transmission electron microscopy ͑TEM͒, how the microstructure of the material depends on the growth temperature. The information about the microstructure is crucial to understanding the aforementioned properties of the material because all of them show a strong dependence on the microstructure. 1, 3, 4, 6 
II. EXPERIMENT
This article focuses on four samples, Samples A to D. The four samples were prepared by MBE. The growth conditions for the four samples were identical except for the growth temperature, which was varied from 630°C to 480°C. The growth temperature was measured with a pyrometer facing the wafer. The GaAs growth rate was around 1 m/h; the ErAs growth rate was 2.3 monolayer ͑ML͒/min. The growth conditions and procedures are described in more detail in Ref. 1 . Each sample contained a ten period superlattice with a period of 25 nm. The amount of ErAs in each layer was 1.8 ML. The structural parameters are summarized in Table I . Note that Sample C of this study is identical to Sample D in Ref. 2 .
A double-crystal x-ray diffractometer with an open detector was used for the x-ray experiments. During the scans, the source and detector were fixed and the sample was moved around the axis. The x-ray source generated the Cu K ␣ line with a wavelength of 1.541 Å. The x-ray data were taken around the ͑004͒ diffraction condition for GaAs. As outlined a͒ Electronic mail: ckadow@ece.ucsb.edu in Ref. 2 , most of the diffracted intensity originates from the GaAs matrix material under these conditions.
Plan-view TEM images were obtained on a JEOL 2000FX instrument. The electron energy was 200 keV. The TEM images were obtained under dark-field conditions using a ͑002͒ reflection. Under this diffraction condition, most of the diffracted intensity originates from the ErAs islands and not the GaAs matrix material. 2 The ErAs islands appear dark in the images. The images show a single ErAs containing layer unless stated otherwise. Figure 2 show x-ray diffraction data for the four samples. A simple model for these data was presented in Ref. 2 : The x-ray data of ErAs islands in GaAs typically show satellite peaks around the GaAs substrate peak. These satellite peaks originate from the superlattice structure along the growth direction. The spacing between the satellite peaks corresponds to the superlattice period D. The x-ray data of Samples A, B, and C show the expected superlattice peaks. However, the data from Sample D do not show these features. This means that single crystallinity was maintained across the ErAs island layers for Samples A, B, and C. However, this was not the case for Sample D. Instead of the superlattice peaks, the x-ray diffraction data of Sample D show a broad shoulder on the small-angle side of the GaAs substrate peak. There are also broad features visible where the first-order superlattice peaks would be expected. This indicates that defects were generated during the growth of Sample D, and that we could not maintain coherency of the superlattice across the ErAs containing layers.
The distance between the superlattice peaks agrees well with the period of the superlattice. There are some differences between the data from Samples A, B, and C. The separation ⌬k between the substrate peak and the zeroth-order superlattice peak decreases slightly with growth temperature. The number and amplitude of the satellite peaks is about equal for Samples B and C. The data of Sample A only show the first-order satellite peaks with a slightly smaller amplitude than Samples B and C. Figure 3 shows TEM images of Samples A to D. The ErAs islands appear dark. Each image shows an area of about 150 nm by 150 nm. In the upper right-hand side corner of the image of Sample A, two ErAs-island layers are imaged, resulting in some overlapping islands. The image quality is low for Sample D because the material is defective.
It is apparent that island size and shape are changing with temperature. The islands become smaller and denser with decreasing growth temperature. At the highest growth temperature of 630°C ͑Sample A͒, we find that the ErAs forms well-isolated islands. The lateral extent of these islands is approximately 10 nm. The islands tend to form facets along crystallographic directions, which lead to square and rectangular shapes. These edges are oriented along the ͗100͘ directions. The areal density of the islands is approximately 4 ϫ10 11 cm Ϫ2 . At a temperature of 580°C ͑Sample B͒, the ErAs islands are smaller; their lateral extent is approximately 4 nm. The areal density is about 2ϫ10 12 cm Ϫ2 . At a growth temperature of 535°C ͑Sample C͒, we find that the ErAs forms extended, branched structures. We did not attempt to calculate an areal density at this growth temperature because we believe it would be a poor description considering the irregular shapes of the islands and their complicated arrangement. The typical width of the extended ErAs structures is around 3 nm. The tendency of the ErAs islands to form con- nected structures can also be seen to some degree at the two higher temperatures.
III. DISCUSSION
Previous studies have shown that complete ErAs films cannot be overgrown with GaAs of high quality. This is mainly due to two problems: First, the different crystal symmetry of GaAs and ErAs is expected to result in antiphase domains. Second, the surface energies of the two materials result in poor wetting behavior of GaAs on an ErAs surface. From studies of ScErAs film growth on GaAs, it is known that the lattice mismatch between ErAs and GaAs is not a dominating factor in film growth. References 9 and 10 summarize and review work on ErAs film growth. In contrast in the case of ErAs islands, overgrowth with high-quality GaAs is possible. We believe that the reason is that the GaAs overgrowth can nucleate on the underlying GaAs in the regions that are not covered with ErAs. The ErAs islands are then laterally overgrown. This growth mechanism allows us to get around the two problems of crystal symmetry and poor wetting. In order for the GaAs matrix to accommodate the ErAs, it needs to be strained in the regions close to the ErAs islands.
Previously, we have shown that when ErAs deposition exceeds a certain amount, the crystal quality starts to deteriorate. 2 At a growth temperature of 535°C, this occurs between ErAs depositions of 1.8 ML and 2.1 ML. We expect that the overgrowth becomes more difficult at lower growth temperatures because the surface diffusion lengths of the adatoms are decreasing. Therefore, it is not surprising that Sample D, which was grown at 480°C, is defective. From our experiments, we cannot clearly determine the nature of the predominant defect. Previous studies of similar structures have reported two types of defects: Dislocations 11 and stacking faults. 12 We have argued before 2 that the strain field of an ErAsisland layer may be close to that of a pseudomorphic film because the GaAs material that is located within the ErAsisland layer needs to strain to accommodate the ErAs material. This strain field depends on the size and the arrangement of the ErAs islands. If the lateral length scale in the ErAsisland layer is small compared to the height of this layer ͑small high-density islands͒, we indeed expect the strain field to be close to that of a uniform pseudomorpic film. However, in the opposite limit, when the lateral length scale in the ErAs-island layer is large in comparison to the height of this layer ͑large low-density islands͒, we expect a nonuniform and complicated strain field. Within an ErAs-island layer, we expect the GaAs material close to the ErAs islands to be highly strained and the GaAs material further away from the ErAs islands to be less strained. If the GaAs material within an ErAs-island layer was not strained, stacking faults would be expected to nucleate at the interface between ErAs and GaAs. Evidence of such stacking faults has been observed at the low growth temperatures of 380°C. 12 We believe that Samples B and C, which were grown at 535°C and 580°C, are close to the first case because the lateral extent of the GaAs regions between the ErAs islands is close to the height of the ErAs containing layer. Therefore, the strain field should be close to that of a pseudomorphic film. However, we believe that for Sample A, which was grown at 630°C, the second limit applies resulting in a nonuniform, complicated strain field.
This reasoning explains why in the x-ray diffraction data the amplitude of the satellite peaks decreases at higher growth temperatures. It also explains the smaller separation ⌬k between the substrate peak and the zeroth-order superlattice peak. The peak separation ⌬k is a measure of the average strain in one period of the superlattice. 2 This number is maximized for a pseudomorphic film and decreases when the ErAs containing layer can relax in the lateral directions.
The richness of the patterns that are generated in this material system at different growth temperatures is striking. The most likely explanation for the behavior of the growth is that the dominating factor in the island formation are surface phenomena. From earlier studies by Ibbetson, 13 it is known that annealing such samples has no effect for anneal temperatures up to 800°C. Therefore, bulk processes such as Ostwald ripening are not the reason for the observed behavior.
From earlier studies of the nucleation of ErAs on GaAs, it is known that the ErAs islands are 3 to 4 MLs high. 9, 10 This type of nucleation behavior can be understood in the following way: The ErAs material is wetting the GaAs surface. The 3 to 4 MLs high nucleation sites are needed to establish the rocksalt crystal structure.
Without understanding the growth process in detail, it seems likely that the surface diffusion length of the Er atoms determines the lateral size of the ErAs islands. Surface energies and the chemical binding at the ErAs-GaAs interface are probably the reason for shape and arrangement of the islands.
IV. SUMMARY AND CONCLUSION
In summary, the microstructure in this material system shows a very rich dependence on growth temperature. At the lowest investigated temperature of 480°C, the material is defective. In contrast single crystallinity is maintained at the other three temperatures between 535°C and 630°C. Here, we find that the ErAs island size and arrangement has a strong dependence on growth temperature: Samples grown at 630°C contain isolated islands with a lateral dimension of approximately 10 nm. As the growth temperature is decreased, the lateral extent of the islands decreases and the arrangement of the islands changes from isolated islands to a network of extended branched islands. This structure can clearly be seen at a temperature of 535°C. The differences between the x-ray diffraction data of samples grown at different temperatures are explained qualitatively in terms of changing strain fields, which in turn are due to the changes in size and arrangement of the ErAs islands. Because the optimal growth temperatures for this composite material are within the range of growth temperatures for conventional GaAs growth and because there is negligible interdiffusion between the two phases, these structures promise to be both engineerable and reliable.
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